The present study analyses changes in nitrogen compounds, amino acid composition, and glutamate metabolism in the resurrection plant Sporobolus stapfianus during dehydration stress. Results showed that older leaves (OL) were desiccation-sensitive whereas younger leaves (YL) were desiccation-tolerant. OL lost their soluble protein more rapidly, and to a larger extent than YL. Enzymes of primary nitrogen assimilation were affected by desiccation and the decrease in the glutamine synthetase (GS, EC 6.3.1.2) and ferredoxindependent GOGAT (Fd-GOGAT, EC 1.4.7.1) activities was higher in OL than in YL, thus suggesting higher sensibility to dehydration. Moreover, YL showed higher total GS enzyme activity at the end of the dehydration stress and was shown to maintain high chloroplastic GS protein content during the entire stress period. Free amino acid content increased in both YL and OL between 88% and 6% relative water content. Interestingly, OL and YL did not accumulate the same amino acids. OL accumulated large amounts of proline and g-aminobutyrate whereas YL preferentially accumulated asparagine and arginine. It is concluded (i) that modifications in the nitrogen and amino acid metabolism during dehydration stress were different depending on leaf development and (ii) that proline and g-aminobutyrate accumulation in S. stapfianus leaves were not essential for the acquisition of desiccation tolerance. On the contrary, the accumulation of large amounts of asparagine and arginine in the YL during dehydration could be important and serve as essential nitrogen and carbon reservoirs useful during rehydration. In this context, the role of GS for asparagine accumulation in YL is discussed.
Introduction
Angiosperms with mature foliage which survive desiccation and, upon rehydration, completely recover their physiological functions are known as 'resurrection' plants (Gaff, 1971) . In angiosperms, desiccation tolerance is not constitutional and is acquired during water stress. The acquisition of desiccation tolerance is the result of morphological and physiological responses to water stress (Oliver et al., 1998) . Even though the metabolic adaptations that come into play during dehydration stress are diverse, the accumulation of late embryogenesis abundant proteins and carbohydrates are common traits of taxonomically distant resurrection plants and have been hypothesized to be pivotal factors for the acquisition of desiccation tolerance (Bewley and Oliver, 1992; Ingram and Bartels, 1996; Bernacchia and Furini, 2004; Rascio and La Rocca, 2005) .
In plants, stress conditions are generally correlated with enhanced proteolytic activity (Davis, 1982) and increased protein turnover, leading to either acclimation to the stress condition or to senescence and subsequent cell death (Brouquisse et al., 2001) . Resurrection plants are able to synthesize new proteins by actively modifying their metabolism even at very low Relative Water Contents (RWC; Kuang et al., 1995) . Soluble and insoluble protein breakdown and amino acid accumulation during dehydration are features of many resurrection plants (Tymms and Gaff, 1978; Gaff and McGregor, 1979) . Amino acid accumulation (especially proline) has been widely suggested to be directly involved as a protective mechanism in many water-stressed plants (Hare and Cress, 1997; Rhodes et al., 1999) , but up until now the pattern of amino acid accumulation and how amino acid accumulation is regulated during dehydration stress in resurrection plants is not known.
In the leaf, amino acid pools may be affected by many factors: (i) nitrogen assimilation into amino acids (through the glutamine synthetase/glutamate synthase cycle, GS/ GOGAT cycle), (ii) amino acid interconversions (through aminotransferase reactions), (iii) active protein biosynthesis/degradation, (iv) amino acid transport, and (v) catabolism or utilization of amino acids for the biosynthesis of other metabolites (Noctor et al., 2002) .
The amino acid glutamate is known to have a central role in nitrogen metabolism. Glutamate is both the product of ammonia assimilation through the GS/GOGAT cycle (Hirel and Lea, 2001 ) and the preferential amino-donor for the different aminotransferase reactions for subsequent amino acid interconversions (Lea and Ireland, 1999) . Glutamine synthetase (GS, EC 6.3.1.2) is present in leaves in two isoenzymic forms (GS1 and GS2) and catalyses the biosynthesis of glutamine utilizing ammonia and glutamate as substrates. GS2, together with the ferredoxin-dependent isoform of glutamate synthase (Fd-GOGAT, EC 1.4.7.1), is reported to be responsible for the chloroplastic GS/ GOGAT cycle. On the other hand GS1 is considered to be operational along with the NADH-dependent isoform of GOGAT (NADH-GOGAT, EC 1.4.1.14) in the cytosol. Glutamate dehydrogenase (GDH, EC 1.4.1.2) is also directly involved in glutamate metabolism and its in vivo role is still under debate (Lea and Ireland, 1999; MasclauxDaubresse et al., 2006; Skopelitis et al., 2006) . Despite the central importance of the amino acid glutamate, its metabolism has never been studied in resurrection plants during dehydration stress.
Resurrection plants provide a unique model system to understand the involvement of amino acids in the protection mechanism to extreme water stress. In the resurrection plant Sporobolus stapfianus Gandoger (Poaceae) the majority of older leaves (OL) do not acquire desiccation tolerance during dehydration stress (to be reported in the present study). Therefore, using S. stapfianus as a model plant, it is possible to compare the response to desiccation stress in genetically identical desiccation-sensitive and desiccation-tolerant leaf material. The present research aims at studying: (i) the pattern of amino acid accumulation and (ii) the enzymes central to glutamate metabolism (namely GS1, GS2, Fd-GOGAT, NADH-GOGAT, and GDH) in desiccation-sensitive (older leaves, OL) and desiccationtolerant leaves (younger leaves, YL) of S. stapfianus during dehydration stress.
Materials and methods
Plant material, growth conditions, leaf viability, and RWC determinations Two-year-old plants of S. stapfianus were divided into single tillers and vegetatively propagated in three pots (60340315 cm, eight plants per pot) containing soil composed of 40% commercial potting mix, 35% sand, and 25% leaf mould. Plants were grown in a greenhouse for four months. Dehydration stress was imposed in the greenhouse by withholding water for 12 d. Over the experimental period, plants were exposed to summer sunlight (maximum photon flux density 900 lmol m À2 s À1 ; 14 h photoperiod), maximum and minimum temperatures were on average 40°C and 20°C, respectively; relative air humidity during the day cycle ranged between 25% and 70%. Sampling was performed at four dehydration stages. Once the leaves started to show stress (i.e leaf rolling), sampling was performed daily. Mature leaves were harvested at 16.00 h from different plants in different pots. Only a portion of the leaf blade (8-10 cm) from the base (excluding the leaf sheath) was used for the analyses. Immediately after sampling, the leaves were frozen in liquid nitrogen and stored at -80°C until analysis.
In S. stapfianus, each tiller is usually composed of four fully expanded leaves. Within each tiller, the innermost leaf is the youngest and the outermost is the oldest. During the sampling, OL and YL were collected separately. The two inner leaves (i.e. YL) and the two outer leaves (i.e. OL) were separated and grouped together. At each sampling point YL and OL from the different tillers were pooled together. Younger leaves were excluded from the sampling if not completely expanded. During the dehydration stress some of the OL senesce and turn yellow. The senescent leaves were easily recognizable even at low RWC and were not included in the sampling. At the end of the dehydration stress, after 48 h rehydration, leaf viability was visually evaluated using 60 tillers. Leaves were considered non-desiccation-tolerant if not able to recover turgor and Chl content.
The RWC was calculated according to the formula: RWC¼(fresh weight-dry weight)/(full turgor weight-dry weight). At each sampling point during dehydration stress, four leaf samples were utilized for the determination of leaf RWC. Full turgor weight of the leaves was determined following a 24 h incubation in the dark, in flasks containing distilled water. Dry weight was determined after oven drying at 80°C for 2 d.
Total nitrogen content
Frozen leaf tissue was ground and oven-dried for 2 d at 80°C. The total nitrogen content was then measured with the Flash E1112 Automatic Elemental Analyser according to the instructions of the manufacturer (CE instruments, Wigan, UK).
Chlorophyll content
Frozen leaf tissues were ground and chlorophyll extracted in 80% acetone at 4°C overnight. After centrifugation Chl concentration was determined according to Wellburn (1994) .
Amino acid and ammonium analysis Amino acids were determined after extraction of frozen ground leaf tissue in a 2% (w/v) solution of 5-sulphosalicylic acid (30 mg DW ml À1 ). The composition of individual amino acids was determined by ion-exchange chromatography using the Amino Tac JLC-500/V amino acid analyser (ninhydrin coloration) according to the instructions of the manufacturer (JEOL (Europe) Croissy sur Seine, France). Total amino acid content was calculated by summing the 20 protein amino acids.
Ammonium was determined by the phenol hypochlorite colorimetric method (Berthelot reaction) using ammonium sulphate as a reference (Russell, 1944) .
Enzyme assays
The entire extraction procedure was performed at 4°C using frozen (-80°C) leaf tissues. Fd-and NADH-GOGAT were extracted in 25 mM phosphate buffer (pH 7.5), 14 mM b-mercaptoethanol, 1 mM dithiothreitol, and 5 mM EDTA. Cold extraction buffer was added to ground leaf tissue in the proportion of 80 mg DW ml
À1
. Enzymatic activity was measured according to Suzuki et al. (1994) , using either methyl viologen or NADH as an electron donor.
For GS and GDH assays, frozen, and ground leaf material was extracted in a solution containing 100 mM TRIS buffer (pH 8), 1 mM dithiothreitol, 1 mM EDTA, 0.05% (v/v) Triton X-100, and 5% (v/v) glycerol. Crude extracts were desalted using 2.5 ml Sephadex G-25 columns equilibrated with extraction buffer. GS enzymatic activity was measured spectrophotometrically (Lambda 20 from Perkin Elmer) following the oxidation of NADH according to Lea et al. (1990) . GDH aminating and deaminating activity was measured as described by Turano et al. (1996) . Soluble proteins were measured according to Bradford (1976) using bovine serum albumin as a standard.
Gel electrophoresis and protein blot analysis
Proteins were extracted as previously described for Fd-and NADH-GOGAT. Proteins were separated by SDS-PAGE (Laemmli, 1970) . Equal amounts of protein (10 lg) were added to each lane. As a standard (ST) 10 lg protein from a mixture of different leaves (dry and fresh leaves) of S. stapfianus was added to the last lane of each gel. The ST was necessary to make possible the comparison between different gels. The percentage of polyacrylamide in the running gel was 8% for both the GS and Fd-GOGAT gels, respectively. Denatured proteins were electrophoretically transferred to nitrocellulose membranes. Polypeptide detection was performed using polyclonal antiserum raised against chloroplastic GS of tobacco (Becker et al., 1992) and Fd-GOGAT (Suzuki et al., 1994) . After incubation with the secondary antibody, conjugated with peroxidase, immunodetection was performed. The analysis was performed twice with similar results.
Statistical analysis
Differences between two separates means were analysed by the ANOVA test. Values expressed as a percentage were transformed (arcsine O -percentage) before the statistical analysis.
Results

Leaf viability
To evaluate if the acquisition of desiccation tolerance is correlated with leaf ageing, the leaves of different ages within each tiller were scored based on the ability to recover from the dehydrated status (Fig. 1) . The first two inner, YL (leaves in position number one and two), sampled from 4-month-old plants (see Materials and methods), were able to recover completely from the dehydrated status and, taken together, they showed almost 100% viability after 48 h rehydration. In order to obtain completely desiccation-tolerant leaf material, leaves numbers one and two were sampled together (YL) during dehydration stress. OL (i.e. leaves in position numbers three and four) showed a lower capability to recover from the dehydrated state and, upon rewatering, only 60% of the leaves in position three and 9% of the leaves in position four were viable ( Fig. 1) , resulting, on average, in a reduced desiccation tolerance in OL (c. 35% viable leaves). Additional experiments were performed on younger plants to investigate the relationship between leaf age and leaf viability during desiccation stress. Dehydration of 2-month-old plants showed that, in this case, both YL and OL were able to rehydrate upon rewatering, thus showing that leaf viability depends on leaf age (data not shown).
Total soluble protein, free amino acid, nitrogen, and chlorophyll contents
At the beginning of water stress, total soluble protein content, total free amino acid content, and total nitrogen content were not different in YL and in OL ( Table 1 ). The Amino acids and desiccation stress in S. stapfianus 3039
Chl a and Chl b contents were higher in OL than in YL. Between 97% and 88% RWC, there was a c. 30% and 40% decrease in total Chl content (Chl a+b) was evident for YL and OL, respectively. However, in both YL and OL, dehydration stress caused a decrease in Chl content over the stress, finally resulting in c. 50% loss. In both YL and OL, the total nitrogen content decreased (c. 25%) during dehydration stress. A large decrease in the total soluble protein content was observed in OL and YL between 97% RWC and 88% RWC. This decrease was higher in OL than in YL (c. 50% versus 20%, respectively). Thereafter, the decrease was reversed in the remaining steps of dehydration, in both YL and OL. The total free amino acid contents changed in a similar manner in OL and YL and in the first step of the desiccation stress (from 97% to 88% RWC) decreased by c. 50%. Thereafter, YL and OL accumulated free amino acids during dehydration stress. Ammonium content, detected in S. stapfianus leaves, were very low and not different between YL and OL. However, an increase was detected in the last step (6% RWC) of dehydration in both YL and OL (Table 1) .
Changes in glutamate metabolism enzyme activities during dehydration
Since a decrease in total nitrogen content was observed during dehydration in S. stapfianus whereas free amino acids and ammonia increased, the changes in the activities of the enzymes involved in nitrogen metabolism were analysed to investigate a potential switch from primary nitrogen assimilation to nitrogen recycling and mobilization. The total GS activity (cytosolic GS1 activity plus chloroplastic GS2 activity) was similar in unstressed YL and OL ( Fig. 2A) . In the first step of dehydration, GS activity decreased in both YL and OL until 30% RWC. Afterwards, GS activity increased significantly in both YL and OL and was significantly higher in YL than in OL at 30% and 6% RWC. The Fd-GOGAT and NADH-GOGAT activities were similar in unstressed YL and OL (97% RWC). When dehydration stress started, Fd-GOGAT activity decreased in OL, but was maintained in YL until 56% RWC (Fig. 2B) . In dehydrated leaves, the Fd-GOGAT activity was reduced to about 50%. NADH-GOGAT activity decreased earlier and to a greater extent than Fd-GOGAT in both OL and YL (Fig. 2C) . However, Fd-GOGAT activity seemed to remain higher in YL than OL, whereas at 56% RWC NADH-GOGAT activity was less affected by dehydration in OL than in YL. It must be noted that the NADH-GOGAT activity was high in S. stapfianus compared with other plant species, and in the same range as Fd-GOGAT. The aminating and deaminating GDH activities were measured in vitro (Fig. 3) . Both NADH-dependent (Fig. 3A) and NAD + -dependent (Fig. 3B ) GDH displayed higher activity in YL than in OL. Table 1 . Changes in chlorophyll a and chlorophyll b contents, total nitrogen, soluble protein, total amino acid, and ammonia contents in YL and OL during desiccation stress.
The two inner leaves of each tiller have been classified as younger leaves (YL) and the outer leaves of each tiller as older leaves (OL), respectively. Small letters near the results indicate siginificant (P < 0.05) differences within columns; capital letters indicate significant differences between columns. Each point is the mean of three samples 6SE;
n.a., not analysed. 3040 Martinelli et al.
Changes in enzyme protein contents during dehydration
Fd-GOGAT protein content was investigated by western blots using polyclonal antibodies raised against tobacco Fd-GOGAT (Suzuki et al., 1994) . Immunolocalization allowed a single 133 kDa protein to be detected, that migrated at exactly the same level as the Fd-GOGAT signal detected on the Arabidopsis control that was used as a standard for comparison (data not shown). Results, were consistent with the measured enzymatic activity (Fig. 4) , and showed that Fd-GOGAT protein content diminished over the entire dehydration stress period in OL, but was maintained at high levels in YL until 56% RWC. At 6% RWC, Fd-GOGAT protein content was very low in both YL and OL. To compare the changes in the cytosolic GS1 and chloroplastic GS2 contents, western blots were also carried out using polyclonal antibodies raised against the tobacco GS2 protein (Becker et al., 1992) . Dehydration stress led to a decrease in the GS2 protein content in OL. By contrast, in YL, GS2 protein content was maintained at the level of unstressed leaves during the desiccation stress (Fig. 4) . This finding could explain why OL showed lower total GS activity at the end of desiccation stress than YL ( Fig. 2A) . In YL (at 56% RWC) GS protein content is similar to the level measured in unstressed leaves (Fig. 4) . By contrast, a large decline in total GS activity was measured between 97% and 56% RWC (Fig. 2A) . No difference in the GS1 content could be detected in the course of dehydration for both YL and OL.
Fig. 2. GS/GOGAT cycle enzyme activity during desiccation stress in YL (black triangles) and OL (black squares). (A) Total GS activity.
Each point is the mean of three samples 6SE. Error bars are shown when larger than symbols. Asterisks indicate significant (P <0.05) differences between OL and YL. (B, C) Fd-and NADH-GOGAT activity during desiccation stress; each value shows the activity of three pooled samples.
Fig. 3. GDH activity during desiccation stress in YL (black triangles) and OL (black squares). (A) NADH-dependent GDH activity (aminating activity). (B) NAD
+ -dependent GDH activity (deaminating activity). Each point is the mean of three samples 6SE. Error bars are shown when larger than symbols. Asterisks indicate highly significant (P <0.01) differences between OL and YL.
Individual amino acid contents
Glutamate (Glu), glutamine (Gln), aspartate (Asp), asparagine (Asn), and alanine (Ala) together constituted c. 80% of the total free amino acid pool found in both unstressed OL and YL (data not shown). Three main groups of amino acids could be roughly defined: (i) amino acids with similar levels in YL and OL and unchanged during dehydration, (ii) amino acids with similar levels in YL and OL and changed during dehydration, and (iii) amino acids with dissimilar levels in YL and OL and changed during dehydration.
The only amino acid, which did not change significantly during dehydration in both YL and OL was Gln (data not shown). Gln was surprisingly low in stressed and unstressed YL and OL of S. stapfianus (c. 2%).
The curves for leucine (Leu), isoleucine (Ile), tyrosine (Tyr), tryptophan (Trp), phenylalanine (Phe), and Glu were similar in YL and OL and showed a bell shape trend (Fig. 5) . Between 97% and 56% RWC, these amino acids increased in both YL and OL. Afterwards, between 56% and 30% RWC, their amount remained stable then decreased from 30% to 6% RWC. In the last part of the dehydration stress, the decrease of Leu, Ile, Tyr, and Trp was more pronounced in YL (Fig. 5A, B, C, D) . Phe and Glu amounts did not significantly differ between YL and OL (Fig. 5E, F ) except for Phe content that was higher at 56% RWC in OL than YL.
The amino acids that accumulated to a different extent in YL and OL, and during dehydration were: proline (Pro), Asn, Asp, arginine (Arg), valine (Val) and c-aminobutyrate (GABA) (Fig. 6) . Pro content clearly rose in both YL and OL from the beginning of the dehydration stress. Pro content increased more rapidly in OL than in YL reaching 20% of the total amino acid content at 56% RWC (Fig. 6A) . One of the most striking results is that dehydrated YL and OL strongly and significantly differed in their Pro content. Below 30% RWC, a drop in Pro content was observed in YL, whereas Pro continued to accumulate in OL. At the end of dehydration, Pro represented up to c. 30% of the total amino acid content in OL whereas it was almost undetectable in dried YL (Fig. 6A ).
By contrast with Pro, Asn accumulated in YL at the end of dehydration stress (Fig. 6B) . It must be noted that, together with Glu, Asn is the most abundant amino acid found in S. stapfianus leaves. Asn represented 40% and 33% of the total amino acids contained in unstressed YL and OL, respectively. During the first step of dehydration, Asn content dropped dramatically in both YL and OL. However, whereas Asn content in OL was maintained at low levels throughout the dehydration stress, Asn increased dramatically in YL between 30% and 6% RWC. In dehydrated YL, Asn content was not different from unstressed leaves (around 40% of total amino acids). As a result, a significant difference in Asn content was observed between YL and OL at 6% RWC (Fig. 6B) .
Asp content decreased slightly in YL throughout the dehydration stress. During dehydration stress it represented c. 13% and 11% of total amino acids in YL and OL, respectively. Asp was weakly but significantly more abundant in dehydrated YL than in OL (Fig. 6C) . Arg increased to a larger extent in YL than in OL. Arg Fig. 4 . Comparison of Fd-GOGAT, GS2, and GS1 protein contents in OL and YL at 97% RWC, 56% RWC, and 6% RWC dehydration steps. Singles bands for Fd-GOGAT, GS1, and GS2 proteins were detected after western blotting and using polyclonal antibodies raised against tobacco Fd-GOGAT and GS2. An equal amount of protein (10 lg) was loaded per lane. increased sharply in YL towards the end of the dehydration stress, and at 6% RWC represented 7% of total amino acids (Fig. 6D) . Val and GABA increased in both YL and OL with dehydration, but to a much larger extent in OL than in YL (Fig. 6E, F) . Like Pro, GABA has been proposed to be important in the stress protection mechanism (Rhodes et al., 1999) . This non-proteic amino acid accumulated at the final step of dehydration stress between 30% and 6% RWC. A c. 15-fold and a c. 4-fold increase of GABA took place in OL and in YL, respectively. As a result, at the end of dehydration stress GABA content in OL was c. three times higher that in YL. Ser and Gly decreased during water stress. If compared with YL, higher values of both amino acids have been observed in OL at 88% RWC (data not shown). The content of citrulline, cysteine, methionine, histidine, lysine, ornithine, and hydrolysine was below 1% of the total amino acid content during dehydration stress in both OL and YL, and did not show a clear trend (data not shown).
Discussion
The identification, in S. stapfianus, of leaves that are desiccation sensitive and of leaves that are desiccation tolerant made possible the physiological comparison of desiccation-tolerant and desiccation-sensitive leaf material À1 DW because it has not been included in the calculation of total amino acid content. Each point is the mean of three samples 6SE. Error bars are shown when larger than symbols. Asterisks indicate significant differences between OL and YL: * P <0.05, ** P <0.01.
for the discovery of specific physiological markers. The differential tolerance of S. stapfianus leaves depended on leaf age, and as is previously described in the resurrection grass Eragrostis nindensis (Vander Willigen et al., 2003) , YL and OL proved to be desiccation tolerant and sensitive, respectively.
Since desiccation tolerance is related to leaf age, the question of the role of the developmental and physiological status of the leaves at the beginning of water stress was assessed. Interestingly, in hydrated tissues (97% RWC), the analyses to determine total amino acid, soluble protein, metabolite, and enzyme contents showed similar results in YL and in OL (with the exception of Chl a and b contents that were lower in YL). This finding suggested that the physiological differences that may explain the differential tolerance behaviour of OL and YL actually arose during desiccation stress.
At the beginning of desiccation stress, soluble protein content and total free amino acid content decreased in both YL and OL, thus suggesting that, in the first half of dehydration, leaf nitrogen was translocated to other parts of the plant (i.e. roots). This translocation hypothesis was supported by the large decrease in Asn between 97% and 88% RWC. Previous reports proposed that Asn was utilized for nitrogen transfer to the roots thus ensuring a metabolic safeguard in stress conditions (Chaffei et al., 2004; Olea et al., 2004) . Then below 88% RWC, the total free amino acid pool started to increase in S. stapfianus.
Since both Chl and Fd-GOGAT contents decreased in YL and OL, it was likely that a senescence-like process was induced during desiccation stress (Masclaux et al., 2000) . In parallel, the persistence of GDH activities and GS1 content suggested that these enzymes could have a more important role during dehydration and mobilize nitrogen as is the case during senescence. Indeed, insoluble protein degradation (Gaff and McGregor, 1979) and partial thylakoid disorganization (Dalla Vecchia et al., 1998) have been previously observed in S. stapfianus during dehydration stress. Together with the increase of polyubiquitin transcripts (Oliver et al., 1998) and the loss of Rubisco content throughout the dehydration stress (data not shown), this suggests that amino acid accumulation may have been generated from the chloroplastic protein degradation. Since during dehydration stress, the extent of total amino acid accumulation was the same in YL and OL, it is likely that the dehydration is paralleled by nitrogen recycling in both YL and OL.
Although the total amino acid concentration did not differ between YL and OL, individual amino acids differed and might have been individually important for the acquisition of desiccation tolerance. Pro has been widely proposed as an important amino acid involved in drought stress protection (Hare and Cress, 1997; Rhodes et al., 1999) . In dehydrated leaves of S. stapfianus, Pro accumulation was only detected in the desiccationsensitive OL and not in the desiccation-tolerant YL. Previously a similar age-related trend in Pro accumulation has also been observed in wheat during salt stress (Colmer et al., 1995) . Hoekstra et al. (2001) have argued that Pro can be considered as a protectant only when the leaf water content is maintained over 0.3 g H 2 O g À1 DW. Interestingly in S. stapfianus, the fully desiccation-tolerant YL accumulated Pro until c. 0.5 g H 2 O g À1 DW (30% RWC), and did not contain Pro at 0.1 g H 2 O g À1 DW (6% RWC). This study clearly shows that Pro was no longer required as a protectant in dehydrated desiccation-tolerant YL.
Several reports emphasize the role of GABA as a protectant against reactive oxygen species (ROS) in response to environmental stresses in plants (Rhodes et al., 1999) . In S. stapfianus GABA increased during the last step of dehydration (6% RWC) in YL and to a greater extent in the desiccation-sensitive OL. GABA increase in OL suggested that the ROS level that can control the GABA shunt activation (Fait et al., 2005) was higher in desiccation-sensitive OL. Finally, the accumulation of high concentration of GABA has no function in the acquisition of desiccation tolerance in S. stapfianus.
By contrast with OL, YL accumulated Arg and Asn in dehydrated leaves. Each Arg molecule contains four nitrogen atoms and acts as a nitrogen reservoir. In seeds, Arg can constitute 10-40% of the total nitrogen (Van Etten et al., 1967) , which is later remobilized during seed germination. In dehydrated YL of S. stapfianus, Arg could also be a nitrogen reservoir usable during leaf rehydration. Similarly, Asn, being composed of two nitrogen and four carbon atoms, is an 'economical' way of storing nitrogen. In S. stapfianus, given that a quantitatively high amount of sucrose is accumulated during dehydration (Whittaker et al., 2001) , Asn may also represent a suitable compound for the storage of nitrogen during the stress. Asn build-up has indeed been observed in several water-stressed plants (Stewart and Larher, 1980; Sieciechowicz et al., 1988) and has been proposed as a transient nitrogen storage metabolite in sugar-starved maize roots (Brouquisse et al., 1992) , seeds during dehydration and germination (Canas et al., 2006; Fait et al., 2006) and, together with Arg, in Coleus blumei Benth. sink leaves during salinity stress (Gilbert et al., 1998) . In dry YL, c. 50% of amino acids are composed of Asn and Arg. Since sucrose is not immediately remobilized upon rewatering (Whittaker et al., 2004) it is proposed that Arg and Asn may be important as both carbon and nitrogen sources during the early stages of YL rehydration before the recovery of photosynthetic activity.
By contrast, dehydrated OL accumulate a wider pattern of amino acids. This is probably due to slower amino acid interconversions during the second half of dehydration that finally result in higher levels of Leu, Ile, Tyr, Trp, and Val in dehydrated OL.
The present report shows that Glu might have been channeled into two different pathways leading to Pro and GABA biosynthesis in OL and Arg and Asn accumulation in YL. It was observed that both Fd-GOGAT and NADH-GOGAT activities decreased with stress in both YL and OL. The desiccation-tolerant YL showed high total GS activity (if compared with unstressed leaves), higher GS2 protein content and higher GDH deaminating activity. It can then be hypothetized that ammonia supply from the GDH deaminating activity could have participated in the Gln biosynthesis needed for Asn accumulation in YL.
The principal findings of this study include the large accumulation of Asn and Arg in the desiccation-tolerant YL of S. stapfianus, and the accumulation of Pro and GABA in the desiccation-sensitive OL. The possible roles of Asn during rehydration have to be further investigated, as well as the difference in the control of Asn, Pro, Arg, and GABA biosynthetic pathways in OL and YL. S. stapfianus will provide a suitable model for these further studies.
